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Abstract
The Overlay Tester (OT) is a relatively new testing procedure that characterizes the
cracking resistance of hot mix asphalt (HMA) by evaluating the number of cycles to failure of an
HMA specimen. The lack of repeatability and high variability of the results have been a concern
to transportation agencies. A careful experimental review of the OT test protocol reveals the
complex stress and strain distributions that should be understood in order to improve the certainty
associated with the test.
The objective of this thesis is to present the numerical modeling of the OT test through
finite element analysis (FEA). When calibrated, the model can be used to assess the potential
success of different parameters associated with improving the performance of the testing
procedure. Different material models and fracture mechanisms were implemented to accurately
replicate the laboratory behavior of the HMA specimen. The model was then calibrated with the
resultant load-displacement curves from the laboratory tests. Simultaneously, a parametric study
was performed to analyze certain aspects of the OT test procedure such as epoxy strength and
testing dimensions that may be improved to increase its success.
Developing an accurate and calibrated FEA representation of the experiments in the lab
will lead to a better understanding of the parameters that affect the success of OT as well as a
model that can be applied to other types of asphaltic material testing.
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Chapter 1: Introduction
1.1 BACKGROUND
Flexible pavements comprise about 90 percent of paved roads in the United States.
Traditionally, flexible pavement structures consist of three main layers. The bottommost layer is
the existing soil at the site of the pavement, commonly referred to as the subgrade. The second
layer is called the base and usually includes coarse graded rock aggregates to provide a firm
foundation for the top layer and protection for the subgrade. Asphalt concrete (AC), or hot mix
asphalt (HMA), is primarily used as the top layer of flexible pavement; it is a mixture of rock
aggregates and asphalt binder, which adds the “flexible” in flexible pavement as its elastic, yet
resilient, properties allow the pavement to accommodate traffic loads. Because of continuous
vehicular loading and variations in temperature, asphalt concrete experiences different types of
distresses that may affect its performance and durability. The three main distresses that can occur
in flexible pavement are fatigue cracking, rutting, and thermal cracking; an example of each can
be seen in Figure 1.1.

Figure 1.1: Examples of a) Fatigue Cracking, b) Rutting, c) Thermal Cracking
Fatigue cracking (Figure 1.1a) is caused by the repeated loading of the material. Damage,
in the form of cracking, is initiated at the bottom of the HMA layer due to the exceedance of the
material’s tensile strength. The crack propagates up toward the surface as the asphalt experiences
cyclic loading. Rutting (Figure 1.1b) consists of excessive deformation of the HMA, base and/or
1

subgrade layers. Thermal cracking (Figure 1.1c) occurs because of the contraction and expansion
of the HMA due to changes in temperature; the cracking initiates at the surface and continues to
grow downwards.
Transportation agencies and research institutes have developed testing procedures to better
characterize the properties of asphalt concrete that control the material’s resistance to distresses.
One such testing protocol is the Overlay Tester (OT), which evaluates the susceptibility and
resistance to fatigue cracking of HMA by applying a cyclic load on an HMA specimen until failure.
The OT measures cracking resistance based on the number of cycles that the specimen can resist
during testing until a crack appears and propagates.
Research institutes have also used finite element analysis (FEA) as a numerical tool to
model the behavior of HMA. FEA discretizes the problem into smaller units, or elements, to then
solve the differential equations that govern the physics of each element using numerical
approximations. By using the experimental geometry, material properties, and loading conditions,
FEA can carry out a detailed analysis that can include stress and strain time histories as well as
simulate potential damage to the specimen.

1.2 PROBLEM STATEMENT
The OT has been used to characterize the fatigue cracking in HMA by various
transportation agencies because of its relative simplicity. However, the reported lack of
repeatability and high variability of the results have raised concerns in the ability of OT tests to
delineate the resistance to cracking in HMA reliably and in a robust manner for all types of mixes.
Experimental review of the OT testing protocol reveals complex stress and strain distributions that
should be understood in order to improve the certainty associated with the test results. With a
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calibrated FEA model, an evaluation of the asphalt specimen’s behavior as well as of the OT
testing protocol can be performed to identify the potential sources of variability.

1.3 OBJECTIVES
The objective of this research is to present a numerical model of the OT using FEA that
can accurately simulate the behavior of the HMA during testing. To create a realistic model, the
following items were addressed:
1. A calibrated model that can accurately represent the real world laboratory testing.
2. A constitutive material model that replicates the distribution of tensile strains and
displacements at the bottom of the asphalt specimen.
3. A comparison between the accuracy of a 2D and 3D model.
4. A fracture model, with appropriate fracture properties, that simulates the crack initiation
and propagation phases of testing.
A parametric study was also performed to analyze certain parameters of the OT test
procedure and their effects on the test’s robustness.

1.4 THESIS ORGANIZATION
The thesis is organized into seven chapters. Following this introductory chapter, the second
and third chapters contain the literature review of the OT testing and the finite element analysis,
respectively. Chapter 4 presents the methodology and results of the preliminary FEA model. It
also contains a discussion about the preliminary parametric study conducted and the observed
HMA behavior. Chapter 5 presents a comparison between the 2D and 3D FE models as well as a
more robust parametric study. It shows what parameters were modified and how those parameters
could potentially affect the validity of the OT testing procedure and results. Chapter 6 includes the
FEA cracking simulation model and discusses its calibration process. The final chapter contains a
3

summary of the project, conclusions and recommendations based on the project results, and future
work.
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Chapter 2: Literature Review – Fatigue Cracking Testing using Overlay
Tester
2.1 FATIGUE CRACKING
Fatigue cracking in flexible pavements, also known as alligator cracking, is a network of
interconnected cracks visible on the surface of the HMA surface layer. The cracking can initiate
at the bottom of the HMA surface layer in the regions where the tensile strain is the highest (Huang,
1993). The cracks then propagate to the surface first as one or more longitudinal parallel cracks,
and after repeated damage connect to form a pattern similar to the skin of an alligator (Huang,
1993). Excessive loading, weak and/or thin pavement layers, and poor drainage conditions can
cause or may contribute to fatigue cracking in flexible pavement. Pavements with fatigue cracking
deteriorate rapidly under the combination of traffic, moisture, and aging of the HMA layer, which
can lead to premature failure of the pavement.

2.2 THE OVERLAY TESTER PROTOCOL
To quantify the properties of the HMA that contribute to fatigue cracking, industry and
research institutes use the Overlay Tester (OT), which was developed in the 1970s to evaluate the
reflective cracking resistance of asphalt overlays (Germann et al., 1979). The OT is an electrohydraulic system that applies direct tensile load to the HMA specimens. The test procedure is
outlined in the Texas Department of Transportation (TxDOT) test designation Tex-248-F. The
machine features two metal plates, separated by a 0.16 in. gap, onto which the HMA specimen is
glued as shown in Figure 2.1. One of the plates slides horizontally to simulate the opening and
closing of the joints and/or existing cracks induced by tensile strains generated by vehicle loading
and variations in temperature; the other remains fixed. Although not a requirement in the TxDOT
testing procedure, a linear variable differential transformer (LVDT) can be added at the top of the
HMA specimen to measure the specimen’s displacement. The test can either be conducted
5

cyclically or monotonically. During the cyclic test, the movable plate is displaced by 0.025 in. and
back to its original position at a rate of one cycle per ten seconds until the asphalt specimen reaches
failure, currently defined as the reduction of the final measured load by 93% of the peak load
measured during the first cycle. During a monotonic test, the movable plate is displaced once by
0.125 in. and returned back to its original position.

Figure 2.1 OT Schematic Layout
The output parameters of the OT test include the starting load, the final load, the percent
reduction in the measured load, the number of load cycles, the plate displacement, and optionally
the top LVDT displacement. The number of cycles to failure, or the cycle at which the 93% load
reduction occurs, is used to characterize the fatigue cracking potential of the HMA mix. Currently,
300 cycles is the accepted pass-fail criterion for HMA mixes; three to five specimens are tested to
represent each mix.

2.3 VALIDITY OF THE OVERLAY TESTER
Since its development, the OT has been widely used. Several studies evaluated the
effectiveness of using geosynthetics as a reinforcement for asphalt overlays to hinder the reflective
6

cracking by testing the fabric reinforced HMA specimens with the OT (Pickett et al., 1983; Button
et al., 1982; Button et al., 1983; Button et al., 1984; Button et al., 1987; Cleveland et al., 2003).
Bennert et al. (2008 and 2009) conducted laboratory tests with the OT to corroborate the use of
reflective crack relief interlayer (RCRI) mixes to prevent reflective cracking in composite
pavements. They demonstrated that adding a layer of RCRI to the pavement reduces the horizontal
tensile strains at the concrete layer joint and crack area. Zhou et al. (2005) validated the use of the
OT as an indicator of fatigue cracking resistance for HMA through the testing of field cores and a
comparison of the OT results with other test methods. Due to their findings, the OT testing protocol
was modified by reducing the size of the HMA testing specimen to the dimensions that are
currently in the TxDOT specification. They also conducted a sensitivity analysis that indicated that
the test temperature, opening displacement, specimen air voids, asphalt performance grade, and
asphalt content influence the variability and the repeatability of the OT results.
Recent studies have shown that the issues of the test’s variability and repeatability may be
caused by parameters other than the HMA material properties. Walubita et al. (2012 and 2013)
found that most of the variability in the results occurred because of inconsistencies in the
laboratory testing as well as the sample preparation and machine calibration. They performed a
sensitivity analysis and recommended testing four or five HMA specimens for each mix instead of
three for better repeatability as well as guidelines for specimen preparation that include 6.5%-7.5%
air voids, overnight oven drying, and a maximum wait time between molding and testing of five
days. The researchers also noted that tensile cracking tests in general have variability in their
results due to assuming the fracture zone in the middle of the specimen. Garcia et al. (2015)
experimentally studied several potential sources of variability such as the specimen preparation
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(amount of glue, glue curing time, and curing time of the specimen) and testing mechanism (the
gap spacing between the two base plates, specimen potentially experiencing bending).

2.4 ALTERNATIVE METHODS FOR OT DATA ANALYSIS
Although the previous studies improved the OT testing protocol, the repeatability and
variability of the OT results still pose a challenge to accurately quantify the fatigue cracking
behavior of HMA mixes. How the OT results are analyzed and interpreted can also impact the
characterization of resistance to fatigue cracking. Walubita et al. (2013) proposed a Fracture
Energy (FE) Index method for the OT monotonic mode using the specific fracture energy (Gt),
among other parameters, as a measure of cracking performance of HMA mixes. The parameters
were calculated from the load vs. displacement curve constructed, as seen in Figure 2.2, using the
load measured by the OT and the displacement applied to the plates.

Figure 2.2 OT Monotonic Load vs. Displacement Curve (Walubita et al. 2013)
The cracking behavior can be divided into two phases: crack initiation (section A
highlighted in blue) and crack propagation (section B highlighted in red); the two sections are
separated at the maximum load, where it is assumed that the specimen fractures. The total fracture
energy of the HMA, or the energy required for fracture to occur, for the OT monotonic mode is
calculated using Equation 1.
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𝐺𝑡 =

𝑤𝑡

(1)

𝐴

where Gt = total fracture energy (lbf-in/in2), wt = total area under the load-displacement curve, and
A = area of the cracked section defined as the specimen thickness multiplied by the width of the
specimen. Through a sensitivity analysis, the researchers concluded that the FE index can be used
as a parameter to classify HMA mixes based on cracking resistance with comparable variability to
the OT number of cycles criteria. Miramontes (2015) addressed a concern that the total fracture
energy, Gt, included the compressive area, or the negative area of the load-displacement curve,
that is inconsistent with fracture mechanics principles. Instead of considering the total area, the
fracture energy was calculated using Equation 2.
𝐺𝑓 =

𝑤𝑓

(2)

𝐴

where wf = the area considered for the calculation of the fracture energy shown in Figure 2.3, in
this case for the OT cyclic mode, that encompasses the portion up to the maximum load. This area
is consistent with the crack initiation portion (section A highlighted in blue) in Figure 2.2.
Miramontes concluded that this technique was more repeatable than the number of cycles to failure
when paired with a load reduction parameter to analyze the crack propagation phase of fracture.

Figure 2.3 OT Cyclic Load vs. Displacement Curve (Miramontes 2015)
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Ramos (2015) explored the use of Digital Image Correlation (DIC) as an alternative
technique to analyze the OT testing process. DIC is a noncontact measuring technique that
photographs the specimen during testing and compares the deformed images to a reference image.
The software tracks the response to the testing through a random speckle pattern on the specimen.
By evaluating various OT tests, it was concluded that the DIC is a valid method to utilize as the
strain and displacement values measured by the DIC correlated well with the OT experimental
results. Further work is being conducted to obtain more parameters such as Poisson’s Ratio and
fracture energy from the DIC that can aid in understanding the laboratory behavior of an HMA
specimen during OT testing.
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Chapter 3: Literature Review – Finite Element Analysis in Asphalt Testing
3.1 BACKGROUND
Finite element analysis (FEA) is a numerical modeling tool used to find approximate
solutions for many engineering applications. Emerging in the engineering community during the
1930s and 1940s because of the need in structural engineering to solve for forces and deflections
in structures such as plates (Hrennikoff, 1941), FEA reduces the problem of infinite unknowns in
the body of interest to one of a finite number of unknowns by discretization, or dividing the body
into smaller units, or elements (Figure 3.1). The unknown variables of interest are defined in terms
of assumed approximating functions within each element. These interpolations functions, as they
are called, represent the value of the unknown variable at nodes, or points along the boundaries of
an element that connect to neighboring elements (Huebner, 1982). The equations for each element
are then assembled together to formulate a system of equations that represents the whole body.
The system of equations is solved for the unknown variables using numerical approximations.
Today, because of modern computational advances and FEA software, engineers can simulate the
stresses in a moving automobile part, the flowing water pressure in a pipe, or a moving tire load
damaging an HMA layer.

Element
Node

Figure 3.1 Example of a FEA Mesh
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3.2 ASPHALT MODELING WITH FEA
FEA has been widely used to simulate the complex behavior of HMA. To develop an
accurate HMA model, an appropriate material constitutive model needs to be selected. Although
asphalt concrete is a heterogeneous material, it can be modeled as isotropic and homogenous,
which, at low temperatures, behaves as a linear elastic and brittle material (Li and Marasteanu,
2010; Kim et al., 2009). Erkens et al. (2003) simulated the indirect tensile (IDT) and semi-circular
bending (SCB) tests to validate a predetermined material model with damage. They showed that
the linear elastic model at 50° F resulted in greater responses relative to the nonlinear elastic model
because of the apparent unlimited strength of the linear elastic model. The nonlinear material
experienced softening, and a localization zone of deformation could be seen at the center of the
model specimen.
A viscoelastic material model is more commonly used to represent HMA because of its
behavioral dependency on loading rate and temperature which yields more realistic results (Lee et
al., 1998; Dai et al., 2006; You et al., 2012, Wen et al., 2014). Collop et al. (2003) developed a
stress-dependent elasto-viscoplastic constitutive model for asphalt concrete that could predict
permanent deformation under static loads. Their study pointed to the dependency of the viscosity
on the Von Mises stresses, the stress ratio, and the current level of the viscoplastic damage as
described by the constitutive model. Similarly, Huang et al. (2011) formulated a nonlinear
viscoelastic-viscoplastic constitutive model that could represent the behavior of HMA under
different temperature and loading rates. Through the use of the finite element software ABAQUS
to simulate a pavement section under the repeated loading of a heavy truck, the researchers showed
that the viscoelastic (VE) and viscoplastic (VP) strains increase as the temperature and the loading
rates increase. Furthermore, they observed that horizontal tensile VE and VP strains began at the
bottom and spread to the surface of the HMA, a mechanism indicative of fatigue cracking.
12

3.3 FRACTURE MODELING WITH FEA
A realistic FEA fracture model can simulate the two phases of cracking: crack initiation
and crack propagation. The crack initiation and propagation depend on the material, geometry, and
magnitude of the load. At low load magnitudes, the energy is expended in nucleating cracks rather
than propagating them. At high load magnitudes, plastic deformation takes place rapidly leading
to failure (Pungo et al., 2006). One common approach to analyzing the fracture behavior of HMA
in FEA is through fracture mechanics by using contour integral calculations to determine
parameters that indicate the stress state at the tip of the crack. The contour integral evaluation
requires the FEA mesh to conform to the cracked geometry, the crack front to be defined, and the
crack direction to be specified, as shown in Figure 3.2.

Figure 3.2 Contour Integral Technique (ABAQUS 6.5 Documentation)
One type of contour integral calculation is the stress intensity factor (SIF). Governed by
linear elastic theory, the SIF characterizes the crack tip conditions depending on the geometry of
the material and the crack as well as the loading conditions. Figure 3.3 shows the three different
types of cracking that may occur under different loading conditions with their appropriate SIF.
Mode I, or the opening mode, describes the complete separation of two surfaces by tensile forces;
it is the most common approach to model cracking behavior. Modes II and III represent in-plane
and out-of-plane shearing movement, respectively, caused by shear stresses either sliding or
tearing the two surfaces apart.
13

Figure 3.3 Modes of Crack Loading (I, II, III) (Ameri et al. 2011)
Ameri et al. (2011) used the SIF for each mode to characterize the top-down cracking in
pavement structures. Assuming that the SIF values depend on the wheel load, the vehicle distance
from the crack plane, and the vehicle weight, they modeled a pavement section and calculated the
SIF for different load configurations and locations. Their results demonstrated that all three modes
affect the fracture behavior in pavement, Mode I (K1) having the most influence for most of the
load cases. They recommended to use a mixed mode fatigue crack growth criterion to account for
each mode. Huang et al. (2013) proposed a method to characterize the fracture resistance of HMA
using the SCB test. They obtained fracture parameters through the correlations between crack
length vs. deformation and SIF vs. effective crack length using FEA modeling and deformation
vs. number of cycles curve from experimental tests.
One technique to simulate damage in FEA is the use of the cohesive zone method (CZM)
(Baek, 2010; Aragao and Kim, 2011). CZM models the fracture zone ahead of the crack tip (Figure
3.4a); the material is held together by cohesive traction (t) and pulled apart by a displacement jump
(δ). Due to an external force, both t and δ increase at the cohesive zone tip until tmax is reached and
then damage progresses and traction gradually decreases to zero (Figure 3.4b). The tractionseparation behavior depends on the strength of the material, the critical displacement jump δc
(achieved when traction reaches zero), and the material’s cohesive fracture energy (Γc), defined as
the area under the traction-separation curve. For FEA application, cohesive elements are inserted
at the interface of the user-defined crack location to simulate the displacement jumps.
14

a) Fracture Zone at Crack Tip

b) General Traction-Separation Behavior

Figure 3.4 General Concept of CZM (Song et al. 2006a and Elseifi et al. 2012)
Song et al. (2006a) modeled the cracking mechanism of the single-edge notched beam test,
SE(B), using CZM by calibrating the model’s cohesive strength and energy parameters with
experimental results from the SE(B). They concluded that the experimental and numerical results
were similar thus indicating the success of the CZM. Elseifi et al. (2012) evaluated the SCB test
as a tool to assess the cracking resistance of HMA mixes. Their experimental results were used to
calibrate the FEA model, which was then used to analyze the fracture mechanisms in the SCB.
Using a linear elastic material model for the HMA and CZM elements for damage, they concluded
that the FEA model correlated well with the test results and provided insight as to the cause of the
damage propagation (a combination of the vertical and horizontal stresses) induced by the SCB.

3.4 EXTENDED FINITE ELEMENT METHOD FRACTURE MODELING
The extended finite element method (XFEM) is a relatively new technique used to simulate
cracking in FEA. First introduced by Belytschko and Black (1999), the XFEM simulates crack
initiation and propagation along an arbitrary, solution dependent path without the mesh matching
the geometry of the discontinuities (ABAQUS 6.11 Documentation). The XFEM works
independent of the model’s mesh and, as such, the crack initiates and propagates without the need
to prescribe a crack location and orientation by the user. Based on the concept of partition of unity
of Babuska and Melenk (1997), XFEM integrates local enrichment functions within the
15

conventional FEA equations. These additional functions consist of near-tip asymptotic functions
that capture the singularity around the crack tip (for stationary cracks) and a discontinuous function
that represents the displacement jump across the cracking surfaces (for both moving and stationary
cracks). Moving cracks, to avoid modeling the crack singularity, propagate an entire element at a
time. Separate failure criteria are defined to initiate and propagate cracks. To nucleate a crack, a
maximum stress (MAXPS) or strain (MAXPE) threshold of the material must be specified. The
crack propagation can be based on CZM’s traction-separation laws or a linear elastic fracture
mechanics (LEFM) approach, which includes the critical strain energy release rate (Gc) of the
material. The method of phantom nodes, introduced by Song et al. (2006b), is used to model the
discontinuities at the element level when the failure criterion is met. Phantom nodes, before the
crack, remain superimposed and constrained at the real nodes of an element. When the crack
traverses the element, the element splits in two, each part forming a new “element” that is formed
of phantom and real nodes, as shown in Figure 3.5.

Figure 3.5 Phantom Node Method in XFEM (ABAQUS 6.11 Documentation)
XFEM has been widely used to explore cracking behavior and fracture properties (Pais and
Kim, 2009; Ng and Dai, 2011; Wang et al., 2013). Lancaster et al. (2013) utilized XFEM to model
and assess the fracture behavior of unmodified and polymer modified asphalts. Their XFEM
results, such as values of SIF (calculated using an XFEM stationary crack) and load-displacement
curves, compared well to previous laboratory studies. They also performed a parametric analysis
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in which they varied the modulus of elasticity (E), the fracture energy criterion, and the MAXPS
value. As each individual parameter increased, the load-displacement curve resembled a stiffer
material. Qian and Hu (2012) investigated the fracture properties of epoxy asphalt mixtures in
different temperatures by modeling the SE(B) with XFEM. They verified that at low temperatures
(below 5°C), HMA exhibits a brittle behavior as the crack length increases dramatically with little
deflection. At temperatures above 5°C, there is more deformation in the material and the crack
growth decreases gradually.
Mahmoud et al. (2014) assessed the capability of the SBC test to calculate HMA’s fracture
properties. They developed an XFEM model coupled with CZM and used MAXPS for the
initiation parameter and relative displacement at failure for the propagation parameter. Calibration
involved changing the two cracking parameters until the FEA model results matched the laboratory
results. They concluded that the XFEM model was successful in simulating the SCB and the
cracking behavior of the HMA.
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Chapter 4: Preliminary OT Modeling – Linear Elastic
4.1 PRELIMINARY MODEL DESCRIPTION
The commercially available ABAQUS finite element software package was used in this
study to simulate the OT testing procedure. A preliminary model was first created to gain a general
concept of the behavior of the OT testing components. The model consisted of a three dimensional
(3D) mesh with approximately 18,700 elements, each measuring 0.16 in. (4 mm) in size. As shown
in Figure 4.1, the FEA model geometry corresponded closely to the OT laboratory set up described
in Chapter 2. The mesh is comprised of 8-noded linear brick hexahedral elements with reduced
integration for better convergence and computation time.
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Specimen
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0.16 in.
Gap

Epoxy
Glue

Steel Plates

Figure 4.1 FEA OT 3D Mesh
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To conduct the preliminary simulation, the HMA, the epoxy glue, and the steel plates were
modeled as linearly elastic (LE). All materials were assumed throughout the study to behave as
homogeneous materials for simplification purposes. Table 4.1 shows the input parameters assigned
to each material in the FEA model. The HMA properties were derived from the results of an IDT
test of a dense-graded Superpave mix specimen (called SP-D hereafter). The properties of J-B
Weld Clear Epoxy Resin glue provided by the manufacturer were used. Common steel properties
were assumed for the plates.

Table 4.1 FEA Model Material Input Parameters
Material Properties
Unit Weight, pcf
Modulus of Elasticity, ksi
Poisson’s Ratio

Asphalt
147
21
0.35

Epoxy
64
350
0.30

Steel
490
29,000
0.30

To decrease the number of active elements in the model (and reduce computation time),
the geometry of the steel plates was modeled as rigid. Each plate has its own reference point (RP)
located at the inner top corner where the OT actuator measures the displacement and load in the
laboratory. The reference points group together all the nodes of their respective plates to act as a
single entity. The boundary conditions were applied at the RP; the left plate was fixed in all
directions while the right plate was only allowed to displace longitudinally. A displacement in the
longitudinal direction of 0.025 in. (0.635 mm) was then applied to the right plate simulating one
cycle of the OT test.

4.2 PRELIMINARY MODEL RESULTS
Unlike the experimental OT test, the FEA model can visualize not only the displacement
trends in the HMA but also the stress patterns that may aid in understanding the cracking behavior.
Figure 4.2 shows the tensile stress fields in the longitudinal direction for different locations on the
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HMA specimen at 5 sec, the point in time at which the maximum responses occur. The stress is
reported in Pascals (Pa) and the maximum stress experienced by the specimen is depicted in the
color spectrum as red while the minimum stress experienced is represented by the color blue. The
specimen undergoes an increase in stress as the applied displacement increases, with a peak at 5
sec, then a decrease. The stress is concentrated at the center within a width of 1 in. (25 mm) at the
bottom and a height of 1 in. (25 mm) at the cross section, leaving the rest of the specimen with
negligible stress. Due to the linear-elastic material model, the HMA specimen exhibits apparent
unlimited strength however, the crack can be predicted to nucleate in that region.

a) Cross Section of HMA Specimen
SpecimenSpecimenSpecimen

b) Bottom of HMA Specimen
SpecimenSpecimenSpecimen
Figure 4.2 OT Stress Responses of Asphalt Specimen at 5 seconds
The displacement fields in the longitudinal direction for the bottom and cross section of
the HMA specimen at 5 sec can be seen in Figure 4.3. Like with the stress field, the maximum
displacement (in meters) experienced by the specimen is represented in red and the minimum
displacement in blue. The displacement in the cross section of the HMA takes a fan shape with
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negligibly small displacements occurring at the left side (the location of the fixed plate) and the
maximum displacement of 0.025 in. (0.64 mm) on the right side, where the specimen is being
pulled from. The bottom of the HMA specimen also reflects the fan pattern; the outer extremes
(the parts of the specimen which are glued) displaced the maximum and minimum values
respectively while the center experiences moderate displacement.

a) Cross Section of HMA Specimen
SpecimenSpecimenSpecimen

b) Bottom of HMA Specimen
SpecimenSpecimenSpecimen
Figure 4.3 OT Displacement Responses of Asphalt Specimen at 5 seconds
The responses of the epoxy glue can also be analyzed from the FEA model. Figure 4.4
illustrates the stress field at the top and at the cross section of the epoxy glue section. Because of
the more refined mesh, the concentration of stress can be seen along the top corner elements. The
top part of the epoxy glue that is in contact with the HMA experiences tensile stress while the
bottom section in contact with the plates is in compression. Minor compressive stress also occurs
at the edges of the epoxy glue as the center expands while the HMA specimen is being pulled.
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a) Cross Section of Epoxy Glue
SpecimenSpecimenSpecimen

b) Bottom of Epoxy Glue

Figure 4.4 OT Stress Responses of Epoxy Glue at 5 seconds
4.3 PRELIMINARY PARAMETRIC STUDY RESULTS
Another advantage of the FEA model is the ease in performing parametric studies. A
preliminary sensitivity analysis was conducted by varying the HMA modulus, the epoxy glue
modulus, and the epoxy glue thickness. Figure 4.5 depicts the impact of the HMA modulus on the
specimen’s tensile stress. Figure 4.5a reports the stress along the bottom of the specimen while
the stress up along the cross section height of the specimen is reported in Figure 4.5b. Using a
tensile modulus of 21 ksi (145 MPa) as control, the tensile stress experienced by the specimen
varied significantly when the HMA modulus was doubled to 42 ksi (290 MPa) and halved to about
11 ksi (73 MPa). As the strength of the HMA mix increased, the tensile stresses experienced by
the specimen also increased. Furthermore, the tensile stresses are independent of the modulus
beyond 1 in. in each side of the specimen. A similar trend occurs in the cross section, as the HMA
modulus only has significant influence on the tensile stress up to a height of 1 in. from the bottom
of the HMA specimen.
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Figure 4.5 Effect of HMA Modulus on Variation of Longitudinal Stress
Figure 4.6 and Figure 4.7 show the variations in the tensile stress experienced by the HMA
specimen with the variation in the epoxy glue modulus and thickness, respectively. The HMA

Distance from Bottom of
Specimen, in.

stresses were minimally impacted by either the epoxy glue modulus or thickness.

Stress, psi
b) Cross Section of HMA Specimen

Distance from Center of Specimen, in.
a) Bottom of HMA Specimen

Figure 4.6 Effect of Glue Modulus on Variation of Longitudinal Stress
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Figure 4.7 Effect of Glue Thickness on Variation of Longitudinal Stress
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Chapter 5: 2D and 3D OT Modeling – Elastoplastic
5.1 ELASTO-PLASTIC 2D MODEL
Because of the evident limitations of the linear elastic material model, an elasto-plastic
(EP) material model was employed to represent the progressive failure of the HMA specimen more
realistically. To understand the EP model coded in ABAQUS, a 2D model was created, simulating
the inner center slice of the OT laboratory set up as shown in Figure 5.1. A total of approximately
3,000 four-noded bilinear plane stress quadrilateral reduced integrated elements, each 0.08 in. (2
mm) in size, were used.

Asphalt
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Glue

Steel Plates

0.16 in. Gap

Prescribed
Motion

Figure 5.1 FEA OT 2D
The HMA elasto-plastic properties were obtained from the stress-strain curve of the IDT
testing of the SP-D Type HMA mix used in the 3D linearly-elastic model discussed in Chapter 4
(see Figure 5.2). The plastic portion of the curve was inputted into ABAQUS as stress vs. plastic
strain; the plastic strain was calculated by subtracting the strain at the yielding stress from the total
strain in the plastic portion. The elastic portion was accounted for by the inputted modulus of
elasticity (the slope of the blue line).
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Yield Point
Ultimate Point
E = 21 ksi
(140 MPa)

Figure 5.2 IDT Stress vs. Strain Input Curve
Similar to the 3D linearly-elastic model, the plates were modeled as rigid bodies with their
corresponding reference point. The boundary conditions also remain the same. The loading pattern,
however, was changed from cyclic to monotonic for simplification purposes. A displacement at a
rate of 0.125 in./min (3.2 mm/min) was applied to the right plate although only the first twenty
seconds of the data were analyzed as HMA specimens in the laboratory tend to crack completely
within that time frame.

5.2 EP 2D MODEL RESULTS
Because of the elasto-plastic material constitutive model, the degradation of the HMA can
be observed in the specimen responses. Figure 5.3 illustrates the progression of the longitudinal
stress (Figure 5.3a) and longitudinal strain (Figure 5.3b) of the specimen as it is being loaded. The
maximum stress (reported in Pa) or strain (reported in m/m) experienced by the specimen is
depicted in the color spectrum as red while the minimum stress/strain experienced is represented
by the color blue. The first frame shows the specimen when no load is applied. The second frame
(3.5 seconds) shows the responses at the bottom center of the specimen, similar to the linear-elastic
contours seen in Figure 4.2. At 7 seconds in frame 3, the bottom elements have failed as they have
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exceeded the ultimate tensile strength. Because they cannot carry any more load/stress, the stress
declines to negligible values while the strain keeps increasing. The elements undergo strain
softening and begin to experience necking, or a decrease in area, as the right plate continues to
displace. Frame 4 (8.9 seconds) shows the movement of the stress concentration up along the
midline of the specimen as more elements fail and relax; the strain, however, continues to increase
due to the weakened state of the elements. The last frame (9.1 seconds) shows the complete failure
of the specimen. The entire specimen is now unable to bear any load and the strain has reached a
high value in all of the failed elements and will continue to increase as loading continues. Even
though the elements cannot fracture, the crack can be assumed to pass through the path depicted
by the stress and strain responses.
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1
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4
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5

5
b) Longitudinal Strain

a) Longitudinal Stress

Figure 5.3 HMA Specimen Response Fields
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The stress and strain fields are quantified in Figure 5.4. Figure 5.4a shows the longitudinal
stress at the beginning of the test when no elements have failed. The stress increases more
drastically at the bottom of the specimen as compared to the top where the stress values are more
congruent relative to time. At 3.5 seconds, the stress begins to decrease slightly, an early indicator
of the weakening of the element at the bottom. The elements begin to fail by 4 seconds as can be
seen in Figure 5.4c, which shows the progression of failure through time. The location on the
specimen of the stress concentration for each time period can also be observed. The failure of the
elements can be attributed to the IDT stress-strain curve used to define the material plasticity. Each
element along the midline experiences a gradual increase in stress, followed by a rapid decrease,

Distance from the Bottom of
Specimen, in

Distance from the Bottom of
Specimen, in

and concludes with little to no stress.

b) Longitudinal Strain from 0 to 3.5 sec
Distance from the Bottom of
Specimen, in

Distance from the Bottom of
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a) Longitudinal Stress from 0 to 3.5 sec

c) Longitudinal Stress from 4 to 9.5 sec

d) Longitudinal Strain from 4 to 9.5 sec

Figure 5.4 2D EP Model Response Time Curves
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Figures 5.4b and 5.4d show the increase in strain as the specimen is being loaded. The
strain exhibits a similar trend to that of the stress in the first 3.5 seconds of the analysis. As element
failure occurs, the strain accumulates starting at the bottom of the specimen. The strain continues
to increase as the analysis continues, high strain values occurring at the bottom of the specimen
and decreasing up along the midline of the specimen. When the whole specimen fails, a constant
strain value is reached all along the middle of the specimen.
The stress distribution in the epoxy glue also changes due to the addition of the EP material
model. Figure 5.5 illustrates the longitudinal stress fields for the cross section of the epoxy glue
near the gap between the plates. At 3.5 secs in Figure 5.5a, when the elements in the HMA have
yet to fail, the stress is concentrated at the top inner corners of the glue layer similar to the stress
fields in Figure 4.4a. The glue is also being loaded and can be said to be absorbing some of the
effects caused by the loading. After some of the bottom HMA elements have failed at 7 sec, the
glue experiences negligible stress values as shown in Figure 5.5b; the HMA is now fully loaded.

a) Longitudinal Stress at 3.5 sec

b) Longitudinal Stress at 7.0 sec
Figure 5.5 2D EP Model Epoxy Glue Longitudinal Stress Fields
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5.3 EP 2D MODEL PARAMETRIC STUDY RESULTS
A more in-depth parametric study was conducted using the 2D EP model. In addition to
the HMA tensile modulus, the epoxy glue modulus, and epoxy glue thickness that were varied in
Chapter 4, the impact of the Poisson’s ratio of the HMA and the gap spacing between the two
plates were also explored. Figure 5.6 contains a series of graphs depicting the longitudinal stress
along the face of the specimen for each parameter. The HMA tensile modulus has the greatest
influence on the FEA model results (Figure 5.6a). While the stress remains the same at the top and
bottom extremities of the specimen, there is a noticeable difference at the bottom half of the
specimen. There is a ±30% change in the longitudinal stress when the control modulus of 21 ksi
is varied by ±30%. The trend also occurs when the control is changed by ±10% and ±20%.
The effect of the spacing between the two plates on the HMA is limited to the bottom 0.3
in. of the specimen (Figure 5.6e). The highest stress is experienced when using a 2-mm gap so
much so that at 3 seconds the bottom elements have already failed. Using a wider gap leads to a
slight decrease in the longitudinal stress while having no gap at all creates similar behavior to that
of the 4 mm spacing indicated by the Tex-248-F OT specifications.
The Poisson’s ratio of the HMA material affects the top section of the specimen (Figure
5.6d), causing minor differences in stress compared to the control value of 0.35. Both the epoxy
glue modulus (Figure 5.6b) and thickness (Figure 5.6c) cause an insignificant change in the
specimen response (less than 2%).
The sensitivity analysis of the HMA with respect to its longitudinal strain is illustrated in
Figure 5.7. The spacing between the plates has the greatest influence on the strain (Figure 5.7e),
primarily at the bottom 0.3 in. of the specimen. Exhibiting a similar pattern as the stress, the 2 mm
gap spacing has the highest strain values followed by the 4 mm, having no gap, and 8 mm
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variations. The other parameters had little to no effect on the strain experienced by the HMA
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Figure 5.6 2D EP Model Sensitivity Analysis Results for Longitudinal Stress at 3 seconds
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Figure 5.7 2D EP Model Sensitivity Analysis Results for Longitudinal Strain at 3 seconds

32

5.4 2D AND 3D MODEL COMPARISON
The elastoplastic material constitutive model was then incorporated into the 3D model
described in Chapter 4 to compare the importance of the 3D simulation. Figure 5.8 depicts the
longitudinal stress (Pa) and strain (m/m) contour fields measured at the center of the specimen
from the 3D model.
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Figure 5.8 3D FEA Model Center Stress and Strain Fields
As observed in the 2D model, the stress in the 3D model also builds up at the bottom center
of the HMA and propagates upwards as the elements below begin to fail and accumulate strain.
The plasticity of the elements becomes more evident as they visibly elongate towards the rising
stress concentration; because no failure criteria has been defined, the elements will displace
indefinitely. The rate at which the stress and strain propagate depends on the size of the elements.
Due to the larger elements and the added dimension in the 3D model, the stress and strain move at
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a slower pace than those of the 2D model. For example, at 9 seconds, the stress concentration has
traveled more than half way up the specimen in the 2D simulation while the stress in the 3D model
has barely moved up the length of one element. In other words, the 2D HMA specimen fails more
rapidly than its 3D counterpart (because of computational constraints, the actual time of failure for
the 3D simulation was not obtained). A similar trend can be seen in the stress and strain fields at
the outer face of the HMA specimen, which can be found in Appendix A.
Because of the different rates, the loading responses can only be compared before any
element failure has occurred. The two graphs in Figure 5.9 show a comparison between the 2D
model, the center slice of the 3D model, and the outer face of the 3D model at 3 seconds. Both
models produce similar stress and strain distributions that mainly differ at the bottom half of the
specimen while they converge at the top half. Some of the discrepancies can be attributed to the
difference in mesh size. The 2D model, which has a slightly more refined mesh, yields more even
stress and strain distributions when compared to the 3D model results. Additionally, with respect
to the 3D simulation, minor differences can be observed between the center and outer face of the
specimen suggesting an insignificant variation of longitudinal stress and longitudinal strain along
the transverse direction.
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Figure 5.9 2D and 3D Model Response Comparison at 3 sec
However, several distinctions can be observed between the 2D and 3D models with regards
to the general behavior of the HMA specimen. Figure 5.10 shows the progression of the
longitudinal stress and strain at the center slice of the 3D loading simulation. During the first four
seconds of the analysis, the stress (Figure 5.10a) and the strain (Figure 5.10b) increase gradually
in a manner similar to Figure 5.4a and Figure 5.4b, respectively. As the elements along the midline
of the specimen begin to fail, the ultimate stress is exceeded and the stress declines to residual
values under 100 psi (0.7 MPa), as seen in Figure 5.10c, whereas the stress in the 2D simulation
drops instantaneously to zero. As mentioned above, the added complexity of the 3D element can
be accredited for the gradual fluctuation of the specimen responses. While the longitudinal stress
follows a definitive pattern in both models, the longitudinal strain deviates as the elements that fail
experience negative strain values (Figure 5.10d), showcasing the pull of the elements into and up
the center of the specimen caused by the material’s plasticity. The longitudinal stress and strain
time curves for the outer face of the 3D HMA specimen can be found in Appendix A. While the
center slice of the specimen experiences more stress, the elements at the midline of the outer face
undergo more compression due to the more negative strain values.
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Appendix A also contains the results of the sensitivity analysis conducted on the outer face
and the center slice of the 3D model. Both the HMA tensile modulus and the gap spacing between
the plates had the most influence on the longitudinal stress while the longitudinal strain was
affected most by the Poisson’s Ratio of the HMA as well as the gap spacing between the plates.
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Both trends are represented in the parametric study results of the 2D model to a comparable degree.
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Figure 5.10 3D EP Model Center Response Time Curves
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Chapter 6: XFEM Crack Modeling and Calibration
6.1 DEVELOPMENT OF XFEM 2D MODEL
Due to the similarities in the results between the 2D and 3D elasto-plastic models described
in Chapter 5, the XFEM technique was applied to the 2D model. This simplified model requires
less computation power resulting in a reduction in computation time when compared to the 3D
simulation. Figure 6.1 shows the fully propagated crack traversing the HMA specimen.
Crack

Asphalt
Specimen

Epoxy
Glue

Steel Plates

0.16 in. Gap

Prescribed
Motion

Figure 6.1 Completely Cracked 2D Model
The 2D ABAQUS model remains unchanged except for the definition of the cracking area
and the failure criteria. The HMA specimen was defined as the enrichment area, i.e. the area where
the crack is more likely to occur. The XFEM enrichment functions mentioned in Chapter 3 were
enabled to allow the crack to nucleate in any region of the specimen as well as to follow a path
regulated by XFEM. As discussed in Chapter 3, two material parameters are required as input for
the XFEM fracture: the crack initiation stress or strain threshold and the crack propagation critical
strain energy release rate, Gc. The selection process of the initial trial parameters to verify the use
of the XFEM is discussed in the following subsections.
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6.1.1 Crack Initiation
Because the OT test can measure neither stress nor strain, the strain results reported by the
DIC study of Ramos (2015) were used to select a MAXPE, maximum principle strain, value as
input. A strain of 0.01 in./in. was observed as the maximum strain before the crack appears during
laboratory testing and can be assumed to initiate the crack in the specimen. After the specimen
reaches the MAXPE at a time of 1.5 seconds in the FEA simulation, a small crack appears at the
bottom center of the specimen as shown in Figure 6.2. The location of the crack initiation is
consistent with the concentration of stress and strain in the results previously presented. The crack
itself is slanted to the right, corresponding to the direction in which the specimen is being pulled.

Figure 6.2 Crack Initiation at 1.5 sec
6.1.2 Crack Propagation
Once the crack is nucleated, the Gc value, based on the LEFM approach to describe crack
propagation, is incorporated into the analysis. In ABAQUS, Gc represents the critical strain energy
release rate for one element and depends on the element type and size. In other words, the user
needs to input the energy needed for the crack to cut fully through one element. Through trial and
error, a value of 0.11 lbf/in. (20 N/m) was selected as it allowed the crack to not only propagate in
a timely manner comparable to the OT experimental results but also for a complete fracture of the
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HMA. The crack growth with respect to time can be seen in Figure 6.3. The crack steadily grows
during the first 4 sec of the analysis. Afterwards, the crack becomes stagnant and does not
propagate until 9.4 sec when the specimen fails completely. This behavior can be attributed to the
crack passing through a node instead of through the middle of an element; the crack gets trapped
at the node until enough energy was accumulated to break free and continue its path.

Figure 6.3 XFEM Crack Length versus Time
6.2 XFEM 2D MODEL RESULTS
An OT simulation was carried out using the trial fracture parameters to observe the
cracking behavior of the HMA specimen. Figure 6.4a illustrates the longitudinal stress and Figure
6.4b the longitudinal strain contour fields throughout the analysis of the XFEM model. Before the
crack occurs (Frame 2), the HMA specimen behaves the same as the 2D FEA model with no
fracture criteria specified. After the crack is initiated at 1.5 sec (Frame 3), both the stress and strain
concentrations surround the tip of the crack and migrate with the crack up the face of the specimen
(Frame 4). The elements below the response bulbs relax instantaneously and fail when the crack
tears through them. Once the crack gets caught at the node, the stress and strain concentrations
grow and intensify, building up energy to release from the node (Frame 5).
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Figure 6.4 Response Fields of HMA Specimen with Crack
The maximum responses occur right before the crack passes the node. Frame 6 shows the crack
has split the HMA specimen into two parts with the residual stress and strain lingering around the
crack.
The variations of the longitudinal stress and strain with time are presented in Figure 6.5.
Both responses increase gradually, reaching pre-crack values of slightly less than 200 psi (1.4
MPa) in stress and 0.010 in./in. in strain. The stresses and strains during crack propagation decrease
almost by half but remain constant as the crack moves up the specimen. The specimen then
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experiences a drastic surge of stress and strain at 1 in. from the bottom of the specimen, the values
surpassing the pre-crack response. Once the specimen has failed, the stress and strain drop to
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insignificant values with small peaks surrounding the crack at the top of the specimen face.
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Figure 6.5 2D XFEM Model Response Time Curves
A sensitivity analysis was conducted with the XFEM model by varying the same
parameters examined in Chapter 5. Figure 6.6 shows the effects on the longitudinal stress at 3 sec
of the analysis when the model parameters are modified. The graphs not only show the differences
in the stress magnitude but also in the rate of crack propagation. The height of the peak stress
corresponds to the location of the crack on the HMA specimen. The HMA tensile modulus (Figure
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6.6a) shows the greatest disparity between cracking rates. The stiffer the HMA mix is, the faster
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Figure 6.6 Cracking Model Sensitivity Analysis Results for Longitudinal Stress at 3 seconds
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and thus offers more resistance to cracking. The gap between the plates also affects the growth
rate of the crack (Figure 6.6e); the greater the spacing, the slower the crack propagates due to the
stress being more evenly distributed around the area of the HMA near the gap. A minor change
the crack growth occurs between low and high Poisson’s ratios (Figure 6.6d) as the crack
propagates slightly faster when the HMA has a small ratio. Altering the properties of the epoxy
glue (Figures 6.6b and 6.6c) has no effect on the stress or the cracking rates. The longitudinal strain
follows similar trends as shown in Figure 6.7.
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Figure 6.7 Cracking Model Sensitivity Analysis Results for Longitudinal Stress at 3 seconds
6.3 SYNTHETIC MATERIAL CALIBRATION PROCESS
Once the XFEM was proven to nucleate and propagate a crack realistically in the 2D
simulation, the calibration of the 2D XFEM model was carried out for accurate representation of
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the experimental OT protocol. The only two output parameters from the OT test that can be
compared to the FEA model are the load measured from the plates and the displacement at the top
of the specimen measured by the LVDTs. To determine if the parameters are suitable for
comparison, three polyurethane synthetic materials with different durometer grades were modeled.
The synthetic specimens shown in Figure 6.8 were tested according to the current Tex-248-F OT
specifications. Because the polyurethane plastic is a linearly elastic material, its behavior allows
for a less complex model than that of the HMA.

Figure 6.8 Synthetic Polyurethane Specimens (Garcia et al. 2014)
Using the 3D model described in Chapter 4, the FEA analysis was carried out by changing
the tensile modulus of elasticity of the synthetic materials to match the resultant loads with the
load measured in the laboratory. The final modulus and assumed Poisson’s ratio used for each type
of plastic are summarized in Table 6.1.
Table 6.1 Synthetic Specimen Properties for FEA Model
Material
Name
Color
Durometer
Modulus of Elasticity, psi
Poisson’s Ratio

Very Soft
Black
90A
4,000
0.25
45

Polyurethane
Soft
Red
95A
7,300
0.25

Medium
Natural
55D
18,000
0.25

Figure 6.9a shows the load measured from the FEA model compared to the OT
experimental results for each polyurethane material. Because only the first cycle was modeled,
small discrepancies are anticipated at the end of the test as the OT continues to record data for the
next cycle while the FEA results end at 10 sec. The load was measured at the reference point of
the right steel plate, as the load in the OT is taken from the actuator at the plates, and is

90A

90A

55D

95A

a) Load vs. Time
Curves
95A

55D

b) LVDT Displacement vs. Time
Curves
Figure 6.9 FEA Model Synthetic Specimen Loading Responses
reported as a reaction to the applied displacement. If the tensile modulus of elasticity is adjusted
for each material, a load similar to the OT experimental results can be expected. However, there
is a large disparity between the experimental and FEA displacements at the top of the specimen as
seen in Figure 6.9b. The FEA displacement was measured as the change in displacement between
two nodes located near the placement of the LVDTs on the OT test specimen. All three synthetic
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specimens in the model experienced a peak displacement of 7 mils (0.18 mm) while the
experimental results report displacement that varies with material stiffness.
Figure 6.10 demonstrates the resulting displacements at the top of the specimens for
different specimens. As the material becomes more rigid, the specimen undergoes less
displacement at the top. The hard and very hard synthetic materials (not used in this study) even
experienced a negative displacement meaning that the specimens experienced bending. Due to the
disparity of the results, a comparison between the displacements measured by the LVDTs at the
top of the specimens and the displacements reported by the FEA models could not be carried out.
Therefore, the XFEM model was calibrated using the load measured at the plates.

Figure 6.10 Synthetic Specimen OT LVDT Displacement (Garcia et al. 2014)
6.4 HMA MODEL CALIBRATION
The 2D XFEM model was calibrated with the load-displacement curves from the OT
experimental results generated using the load measured at the plates and the applied loading
displacements. Five specimens of the same Type C HMA mix were monotonically tested and
compared to both the 2D elasto-plastic model with no fracture criteria, discussed in Chapter 5, and
the 2D XFEM model. Figure 6.11 presents the load-displacement curves for both models and the
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five specimens. The entire curves are graphed in Figure 6.11a while Figure 6.11b is an expanded
version of the shaded area of Figure 6.11a. The curves for the FEA models were constructed with
the reaction load and the applied displacement both measured at the reference point of the right
steel plate. The HMA tensile modulus of elasticity for both FEA models was changed from 21 ksi
(145 MPa) to 32 ksi (220 MPa) to fit the elastic portion of the OT results.
The general behavior of the HMA specimens differ between the OT test and FEA
simulations. While the OT specimens all gradually lose their ability to bear load, the FEA
specimens fail almost instantaneously after the peak load is reached. This is due to the lack of a
relaxation material model incorporated into the elasto-plastic model currently used. However, the
2D elasto-plastic model matches the peak load of the experimental data well, indicating that the
specimen is cracking at around the same load. On the contrary, the HMA specimen of the 2D
XFEM model is cracking and failing prematurely as it reaches less than half of both the peak load
of the OT results and the displacement at failure of the 2D EP model. The preliminary fracture
parameters of the 2D XFEM model did not accurately represent the fracture behavior of the HMA
specimen.

a) Entire Load-Displacement Curve

b) Zoom in of Shaded Area

Figure 6.11 OT and FEA Load-Displacement Curve Comparison
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Through a process of trial and error, the XFEM fracture parameters were altered so the
resulting load-displacement curve matched that of the OT. The new load-displacement curve is
illustrated against the curves in Figure 6.12 in the color magenta. Again, Figure 6.12b is the graph
of the area shaded in Figure 6.12a. To address the untimely crack initiation, the MAXPE, the
maximum principle strain threshold, value was increased from 0.01 in./in. to 0.026 in./in. This
allowed the crack to nucleate at a further time in the simulation, represented by the upwards shift
of the new curve. With regards to the crack propagation, Gc was also increased to 0.46 lb/in. (80
N/m), causing an increase in the area under the load-displacement curve (the greater the area, the
more energy is dissipated to fracture).
With the new fracture parameters, the maximum load of the XFEM model, approximately
320 lb (1.4 kN), matched the lowest range of the maximum load reported by the OT experimental
results of 340 lb to 360 lb (1.5kN to 1.6 kN). However, through the trial and error process, it was
observed that the behavior of the 2D XFEM model was limited by the elasto-plastic material model
as the XFEM results were contained within the boundaries of the EP model results. Furthermore,
as mentioned above, the lack of a relaxation material model generated stunted load-displacement
curve areas due to the swift nature of the cracking phases observed in the XFEM model.
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a) Entire Load-Displacement Curve

b) Zoom in of Shaded Area

Figure 6.12 OT and FEA Calibrated Load-Displacement Curve Comparison
Finite element analysis, with the use of XFEM, is capable of simulating not only the stress
and strain distributions but also the complex cracking behavior during OT testing. However, the
interaction between the selected material constitutive model and XFEM may impact the accuracy
of the FEA model.
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Chapter 7: Summary and Conclusion
7.1 SUMMARY
The Overlay Tester is an HMA testing laboratory procedure that characterizes the
resistance to fatigue cracking of HMA mixes. The reported lack of repeatability and high
variability of the OT results has been a concern for several years. The objective of this thesis was
to evaluate the behavior of the HMA specimen during OT testing through the use of a finite
element analysis model. To build an accurate and well calibrated model, a suitable material
constitutive model as well as appropriate fracture parameters were selected.
This thesis presented a methodology of how the FEA model was developed. Several
models were created to determine which material constitutive model best captured the behavior of
the HMA. Concurrently, sensitivity analyses were conducted to explore the effect of varying
several parameters that may introduce variability in the OT results. A relatively new technique to
model fracture, the extended finite element method, was used to simulate the cracking in the HMA
specimen. After verifying the ability of XFEM to model damage, the FEA model was calibrated
using OT laboratory results.

7.2 CONCLUSION
The use of FEA proved useful in understanding the behavior of the HMA specimen under
OT testing. The following conclusions can be drawn from this study with regard to the OT:


Both the longitudinal stress and longitudinal strain are concentrated at the center of the
HMA specimen.



The displacement experienced by the specimen is distributed in a fan shape along the face
of the specimen, the maximum displacement occurring at the moving half of the HMA
while negligible values are observed on the stationary side.
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Longitudinal stress and longitudinal strain responses of the epoxy glue layer are also
concentrated at the center near the gap between the plates at the beginning of the test. Once
the crack initiates, the glue relaxes and the HMA is loaded fully.



The HMA tensile modulus has the most effect on the OT results, followed by the spacing
between the plates and the Poisson’s ratio of the HMA. The strength and thickness of the
epoxy glue have only negligible impact on the results.
Through the development of the FEA model, several conclusions can also be drawn

pertaining to the modeling of HMA and its fracture behavior.


An elasto-plastic constitutive material model better simulates the behavior of the HMA
than the linearly elastic model as the material is allowed to fail.



For the purposes of this study, the 2D model was adequate as it performed well compared
to the 3D model and offered a reduction in computational power and time.



XFEM can be a useful technique to model cracking if the fracture parameters are selected
with prudence.



Using the measured load from the OT results for calibration, the 2D XFEM model is able
to simulate the general behavior of the HMA specimen during OT testing.

7.3 RECOMMENDATIONS AND FUTURE WORK
Recommendations for future work can be offered based on the work performed in this
study. To further explore the behavior of the HMA material during OT testing, it is recommended
to add a relaxation material model for the HMA to account for the gradual decrease in its strength
as the applied displacement increases. It is also advised to improve the scope of the FEA model
by calibrating for different HMA mixes as well as to create a model for the OT cyclic loading
mode. Lastly, it is suggested to conduct a more robust sensitivity analysis using the 2D XFEM
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model that addresses the effect of various other OT testing parameters that may be potential
sources of variability, such as the loading rate and the HMA specimen dimensions.
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Appendix A
Appendix A contains the remaining response fields and graphs from the analysis of the 3D
elasto-plastic model.
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Figure A1 3D FEA Model Outer Face Stress and Strain Fields
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Figure A2 3D EP Model Outer Face Response Time Curves
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Figure A3 3D EP Model Parametric Study Center Results for Longitudinal Stress at 3 sec
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Figure A4 3D EP Model Parametric Study Outer Face Results for Longitudinal Stress at 3 sec
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Figure A5 3D EP Model Parametric Study Center Results for Longitudinal Strain at 3 sec
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Figure A6 3D EP Model Parametric Study Outer Face Results for Longitudinal Strain at 3 sec
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